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Neutron Reflectometric Investigation  
of a Dendrimer/Nanoparticle Hybrid Film at Air/water Interface

K. MITAMURA,1) M. UJIHARA,1) N. TORIKAI, 2)

 and T. IMAE*,1),3) 

1)Graduate School of Science, Nagoya University, Chikusa, Nagoya 464-8602, Japan, 2)Neutron Science 
Laboratory (KENS), High Energy Accelerator Research Organization, Oho, Tsukuba 305-0801, Japan, and 

3)Research Center for Materials Science, Nagoya University, Chikusa, Nagoya 464-8602, Japan 

Poly(amido amine) dendrimers with azacrown core 
and hexyl spacers (aza-C6-PAMAM dendrimer) are 
amphiphilic and flexible in structure.1)

Amine-terminated aza-C6-PAMAM dendrimers were 
adsorbed on gold and 3-mercaptopropionic acid 
(MPA) self-assembled monolayer (SAM) substrates, 
and multiadlayers were constructed.2) Langmuir films 
at air/water interface were fabricated from 
ester-terminated dendrimers.3) Although silver 
nanoparticles in subphase were adsorbed on 
dendrimers with face-on conformation in Langmuir 
films, the adhesion was less and the adsorbed 
nanoparticles were disordered.  

In the present work, ester-terminals of aza-C6 
-PAMAM dendrimer were replaced to octyl groups in 
order to intensify the amphiphilicity, and the 
dendrimer/nanoparticle hybrid films at air/water 
interface were investigated. Gold nanoparticles 
(Au-NP) were adsorbed on Langmuir films of 
dendrimers and displayed fractal-like network texture 
at low surface pressure. When the hybrid films were 
compressed, the morphology of nanoparticle 
aggregates was changed to monolayer, where 
nanoparticles were uniformly dispersed and partly 
ordered. The nanoparicles in the hexagonal lattice 
array are located on hydrophilic azacrown center in 
the ordered lattice arrangement of dendrimers in 
face-on conformation. Fourteen dendrimer molecules 
were adsorbed on a nanoparticle but the location of 
dendrimers on a nanoparticle was not elucidated. 

The determination of dendrimer distribution on 
nanoparticle surface was carried out using neutron 
reflectometry. A chloroform solution of 
octyl-terminated aza-C6-PAMAM dendrimer was 
spread on an Au-NP suspension subphase. After 1 hr, 
the film was compressed until the surface pressure 
reached to 5 mN/m and neutron reflectivity was 
measured on an ARISA (Advanced Reflectometer for 
Interface and Surface Analysis) of High Energy 

Accelerator Research Organization (KEK) in Tsukuba, 
Japan.

The observed neutron reflectivity curve in Fig. 1 
displayed no characteristic fringes. Two types of 
models were applied for the simulation analysis using 
a theoretical equation. That is, (Type 1) dendrimers 
surround fully the surface of the Au-NP and (Type 2) 
dendrimers cover only the upper-half surface of 
Au-NP. From the comparison with observed one, it 
was indicated that only half of Au-NP surface is 
capped by dendrimers. The scattering length 
density-depth profile evaluated from best-fit 
parameters is shown in Figure 1. The calculated 
depths of Au-NP and dendrimer layers were 
reasonable in consistency with their evaluated sizes. 
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Fig.1 (Left) An observed neutron reflectivity curve of 
dendrimer/Au-NP hybrid Langmuir film and fitting curves 
based on Type 1 and 2 models, which were inset in figure. 
(Right) A depth vs. scattering length density profile of 
dendrimer/Au-NP hybrid Langmuir film (based on Type 
2).
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Introduction
Block copolymer thin films are particular

importance in many technological areas, including
microelectronics, coatings, lubricants, and adhesives
[1]. Thus, phase-separated morphologies in the thin
film have been investigated extensively in terms of
their orientation, periodicity etc. as a function of
film thickness, and/or surface energy. Surface
morphology can be observed by Atomic Force
Microscopy (AFM), while concentration profile of
constituent blocks along the film normal, i.e. along
depth direction, can be investigated either by cross-
sectional transmission electron microscopy (TEM)
or, more statistically, by neutron reflectively (NR)
measurement. It should be noted that none of these
experimental techniques gives both lateral and depth
structural information at the same time. NR
measurement is widely used in a structural study of
the block copolymer thin film, and gives a lot of
important results [2]. However, NR measurement
includes the hypothesis and model fitting on the
morphologies, and thus this technique is limited to
rather simple morphology, e.g., lamellar
morphology parallel to the substrate. Recently, the
transmission electron microtomography (TEMT) has
been extensively used in polymer society and found
to be a very effective tool for structural observation
as well as analysis [3]. TEMT directly provides the
three-dimensional (3D) image of the internal
structures of a block copolymer thin film [4]: Nano-
scale morphology both lateral and depth directions
were successfully imaged. In this study, we try to
establish a novel methodology by utilizing the NR
coupled with TEMT (NR + TEMT), which enables
the structural analysis of nano-scale morphologies in
thin films without any hypothesis and models. This
method will be further extended so as not only to
study lamellar-type simple morphology but also to
study more complicated morphologies such as
cylindrical morphology.

Experiments
Poly(deuterated styrene-block-2-vinylpyridine)

(dPS-b-P2VP), (Mn(dPS)=10,2000,
Mn(P2VP)=37,000, Mw/Mn=1.10) thin films were
used for TEMT and NR. The equilibrium
microphase structure of the dPS-b-P2VP in bulk
state is lamellar. The thin films were prepared by
spin-coating on a Si substrate from 4.0 wt % 1, 4-
dioxane solution, and then annealed at 170 ˚C for 10
days under vacuum. Then, the thin films were
stained by I2 vapor for 3 hours and coated with
carbon on free surface of thin films in order to
enhance charge and heat transfer by vacuum
deposition . Ultra thin cross-sectional sections of the
dPS-b-P2VP thin films for the TEMT experiments
were prepared by a focused ion beam (FIB)
instrument (JEM-9310FIB, JEOL, Co., Ltd., Japan)
[5]. The cross-sectional sections were put on the Cu
mesh grid for TEMT experiments. Prior to TEMT
observations, the gold particles of 5 nm diameter
were placed on the ultrathin sections using the gold
colloidal solution (GCN005, BBInternational Ltd,
UK). The gold particles were used as fiducial
markers for the alignment of the tilt series of the
TEM images. The TEM and TEMT observations
were carried out on JEM-2200FS (JEOL, Co., Ltd.,
Japan). A series of the TEM images were acquired
at tilt angles ranging from -50˚ to +50˚ in 1˚
increments. The tilt series of the TEM images were
aligned by fiducial marker method and then
reconstructed on the basis of the filtered-back-
projection method [6].
NR measurement was carried out with the PORE

neutron reflectometer at KEK using the same thin
films observed by TEMT. In this study we observed
specular reflection, where the light source was
pulsed neutrons with the wavelength, , range of
0.3-1.6 nm. Also, the incident angle, , was fixed to
be 0.4, 1.0, 2.0 deg, and the angle resolution, / ,
was kept at 5% by adjusting the width of two
incident slits.
Reflectivities were calculated from model


